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Using multi-dimensional partile-in-ell (PIC) simulations we study ion aeleration from a foil
irradiated by a irularly polarized laser pulse at 10
22
W/m
2
intensity. When the foil is shaped ini-
tially in the transverse diretion to math the laser intensity prole, the enter part of the target an
be uniformly aelerated for a longer time ompared to a usual at target. Target deformation and
undesirable plasma heating are eetively suppressed. The nal energy spetrum of the aelerated
ion beam is improved dramatially. Collimated GeV quasi-mono-energeti ion beams arrying as
muh as 18% of the laser energy are observed in multi-dimensional simulations. Radiation damping
eets are also heked in the simulations.
PACS numbers: 41.75.Jv, 52.38.-r, 52.38.Kd
Ion aeleration by ultraintense ultrashort laser pulse
interating with solid targets has been extensively stud-
ied in the last deade [1, 2, 3, 4℄ due to a number of
prospetive appliations, suh as proton therapy [5℄, pro-
ton imaging [6℄, ion beams ignition for laser fusion [7℄,
et. Reently along with the progress of plasma mirror
tehnology, the ion aeleration from laser-foil interation
has attrated muh more attention. It has been shown in
one-dimensional (1D) partile-in-ell (PIC) simulations
that speially by use of irularly polarized (CP) laser
pulses monoenergeti ion beams an be generated in prin-
iple [8, 9, 10, 11℄. The key eet here is the suppression
of eletron heating [11, 12℄, whih otherwise would dis-
perse the plasma eletrons in spae and destroy the mo-
noenergeti aeleration. When a CP pulse is used, the
laser ponderomotive fore does not osillate and mainly
pushes the eletrons forward. A stati eletri eld is
formed at the laser front. Ions in the region of eletron
depletion are then aelerated by this stati eld. The-
oretial models and simulations based on 1D geometry
have shown a very promising saling law for the nal en-
ergy spetrum of the aelerated ions. It predits quasi-
monoenergeti GeV ion beams for suiently long driver
laser pulses [8, 9, 10℄. This kind of aeleration belongs
to the laser pressure dominated aeleration (LPDA).
However, multi-dimensional simulations show that the
aeleration struture is not so stable [13, 14℄. Eletrons
and ions are inevitably dispersed transversely when the
target is deformed and heated by the driving pulse. Be-
sides target deformation, instabilities are also another
fatal problem. The transverse instability of the aeler-
ating struture limits the maximum energy of the ael-
erated ions and broadens the nal energy spetrum. To
overome this, we have reently studied the laser mode
eets on the aeleration struture and proposed to use
ombined laser pulses for ion aeleration and ollima-
tion [14℄. In this letter we restudy the problem by on-
sidering the target shaping, whih might be easier to re-
alize in experiments. The target fabriation has already
been applied before for the ion aeleration in the target
normal sheath aeleration (TNSA) regime, where the
optimization of ion energy spetrum an be ahieved by
target shaping [15, 16, 17℄. The experiment with a miro
strutured target [18℄ produed a mono-energeti proton
beam in the TNSA regime.
In the LPDA regime, the target has usually a thikness
of a few hundred nanometers. Fortunately, due to the
rapid progress in the nano-tehnology, strutured nano
thikness targets an be engineered today. In the present
study, using 2D- and 3D-PIC simulations we show how
to optimize the ollimation and mono-hromatiity of the
aelerated ion beams via the target shaping. By optimal
mathing, a ollimated, GeV quasi-monoenergeti proton
beam an be generated by a CP laser pulse at 10
22
W/m
2
intensity inident on a shaped foil target (SFT) with the
thikness of a few hundreds nanometer.
Firstly we study the target deformation under the in-
teration of a laser pulse. From the momentum onser-
vation law between the laser pulse and the target, the
evolution of the target area momentum (p) an be de-
sribed as following [8, 13℄:
dp
dt
=
2I
c
√
p2 + σ2c2 − p
√
p2 + σ2c2 + p
, (1)
where I is the laser intensity, σ is the target area density.
For the veloity evolution of the target one obtains:
dβ
dt
=
1
2pin0mic
E2(t, x, r)
l0
1
γ3
1− β
1 + β
(2)
Where E indiates the intensity of laser eletri led, n0
and l0 are the target initial density and thikness, respe-
tively. It shows that the energy spread of aelerated ions
2l0
2σΤ
l1
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Figure 1: (olor online) (a) Layout of shaped target. (b)
Energy spetrum of ions at t = 30T0 and t = 40T0. Here
T0 = 3.33fs represents the laser period. The orange dashed
line shows the exponential derease of the spetrum. () En-
ergy evolution of aelerated ions from multi dimensional PIC
simulations and 1D theoretial alulation. Here tirr repre-
sents the time of laser irradiation on target. (d) Energy spe-
trum of eletrons at t = 40T0 in the simulations with and
without the radiation damping eet.
depends on the transverse variation of the loal ratio of
laser intensity to the target area density. The distane
the ions pass in the target is: s(r)∝E2(t, x, r)l−1
0
. An
initially at target is inevitably deformed, if the laser
intensity is not uniform transversely. The target defor-
mation quikly destroys the aeleration struture and
deteriorates the beam quality. From Eq. 2 we see that
a target an be kept at if its areal density σ is shaped
properly. For the usual transversely Gaussian pulse, one
an use a target with the Gaussian thikness distribution
as shown in Fig. 1(a). In the following simulations, the
distribution of the target thikness along the transverse
diretion is:
l = max{l1, l0× exp[(−r
2/σ2
T
)m]} (3)
Here r is the transverse distane to the laser axis,
l1, l0, σT ,m are the shape fators, whih are shown in
Fig. 1(a).
First, we use 2D simulations to nd the optimal pa-
rameter region beause they are omputationally less ex-
pensive than simulations in the full 3D geometry. The
total simulation box is 32λ(x) × 32λ(y), here λ is the
laser wavelength. The foil plasma onsists of two speies:
eletrons and protons. They are initially loated in the
region 5λ ≤ x ≤ 5.3λ with the density of n = 100nc,
where nc = ω
2me/4pie
2
is the ritial density for the
laser pulse with the frequeny ω. For 1µm laser pulse it
is nc = 1.1×10
21/cm3. Here, we present the results for a
shaped foil target whose parameters are l0 = 0.3λ, σT =
7λ, l1 = 0.15λ,m = 1. For the at target, we just set
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Figure 2: (olor online) Spatial density distribution of ions in
the at target ase (a) and in the SFT ase (b) at t = 25T0.
Spatial distribution of the laser intensity (E2y+E
2
z) in the at
target ase () and in the SFT ase (d) at t = 25T0.
l1 = 0.3λ, other parameters are the same. Thus, the to-
tal number of ions in the enter part of the SFT is orig-
inally less than that in the ase of the at target. The
target is shaped along the Y diretion in the 2D ase and
in the radial diretion in the 3D ase. The normalized
maximum amplitude of the laser eletri eld at the fous
is a0 = eE0/mωc = 100. This orresponds to the laser
intensity of I = 2.76×1022W/cm2 for the assumed wave-
length λ = 1µm. The full width half maximum (FWHM)
radius of the foal spot is σL = 8λ. The laser pulse has
a trapezoidal temporal intensity prole (linear growth -
plateau - linear derease), with 1λ/c−8λ/c−1λ/c. Thus,
the total laser pulse energy is about 824J. At t = 0 the
laser pulse enters the simulation box from the left bound-
ary. Sine the normalized laser eletri eld we used here
is about 100 and the laser pulse is irularly polarized,
we inlude the eletron radiation damping in the VLPL
ode and hek its eets on the eletron ooling [19, 20℄.
Fig. 1(b) shows the energy spetrum of the aeler-
ated ions at t = 30T0 and t = 40T0 for the at and
shaped targets in the 2D-PIC simulations. The at tar-
get produes no obvious peak struture in the spetrum.
Instead, the spetrum shows an exponential derease like
dN/dEk ≈ 10
8× exp[−Ek/Eeff ] with Eeff ≈ 500 MeV for
Ek > 300MeV and a uto energy 1.7 GeV at 40T0.
When a SFT is used with the transverse shape fator
σT = 7λ, the spetrum beomes quasi-monoenergeti.
The energy of the peak is about 880MeV at t = 30T0 and
later reahes 1.2GeV at t = 40T0, whih are very losed
to the analytial values obtained by solving Eq. 2. The
analytial values are shown in Fig. 1() by the solid line.
As we an see the maximum ion energy at tsim = 40T0
in 2D simulation is a bit higher than the 1D theoretial
value. This is beause of redution of the target area
density during the interation. Although the maximum
uto energy of the ions in the SFT ase is lower than
3that in the at target ase, muh more protons are a-
elerated in a muh narrower region, whih benets the
further appliation of the aelerated proton beams.
To show the polarization eet, a linearly polarized
laser pulse is used. The magenta dashed line in Fig. 1(b)
shows the ion energy spetrum at t = 40T0. In this ase,
the eletrons are easily heated and sattered by the osil-
lating part of the laser ponderomotive fore. The target
beomes transparent to the pulse very soon. Ions are only
aelerated by the spatially dispersed eletron loud and
annot get as high energy as in the CP pulse ase. The
spetrum is again exponential with a lower uto.
Figures 2(a,b) show the spatial distribution of ions at
t = 25T0 in the two ompared simulations. The target
shaping leads to a more transversely uniform ion ael-
eration. The initially at target in ontrary is deformed
and a natural one builds up during the interation. The
laser intensity distribution shown in Fig. 2(,d) onrms
this. The natural one fouses the lateral laser energy
to the enter and thus reinfores the on-axis ion ael-
eration. On one hand, this eets destroys the foil, but
on the other hand it leads to the higher uto energy as
shown in Fig. 1(b). Besides this, when the laser pulse
irradiates the one, eletrons are easily extrated by the
laser eld out from the inner wall of the one and heated
beause of the oblique inidene. These heated eletrons
disperse in spae and pollute the aeleration struture,
whih destroys the mono-energeti harater of the ion
spetrum. By use of the shaped target, these undesir-
able eets are redued dramatially.
The angular distributions of the aelerated ions in
the two target ases are presented in Fig. 3. It shows
that in the SFT ase the aelerated ions mainly move
forward. However, in the at target ase, only a small
portion of the highly energeti ions moves forward. Ions
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Figure 3: (olor online) Angular distribution of ions at t =
30T0 and t = 40T0. (a) and (b) orrespond to at target ase;
() and (d) orrespond to SFT ase. The olor represents the
relative ion number.
in the middle energy range get a onsiderable transverse
momentum. From the simulation, we nd the average
emission angle for the ions whose energy is larger than
1 GeV is about 2.7◦ in the SFT ase and 5.22◦ in the at
target ase. The number of ions in this energy range is
1.9 times larger in the SFT ase as ompared with the
at target. Clearly, both the ollimation and the total
ux of aelerated ions are improved in the SFT ase.
To ensure that these eets are not a 2D artefat, we
perform full 3D simulations. For the shaped target, we
use σT = 6λ in the 3D-simulation. This value appears
to be the optimal one for the assumed laser parameters.
The initial position of the target is moved to x = 2λ to
redue the omputational ost. The laser longitudinal
prole is also redued to be :1λ/c− 5λ/c− 1λ/c. Other
parameters are the same as those in the 2D simulation
above. The eletron and ion distributions at t = 20T0 are
shown in Fig. 4. As we see, in the SFT ase a ompat
target sheath breaks out from the rest of the foil and
is aelerated by the laser pulse. The same eet was
also observed in the 2D simulation as shown in Fig. 2(b).
In ontrast, in the at target ase, Fig. 4() displays a
ontinuously dispersing ion density distribution. The ion
energy spetrum shown in Fig. 4(d) also onrms the
quasi-monoenergeti peak in the SFT ase. The number
of the ions with energy larger than 800MeV are 5.09×1011
and 6.63 × 1011 for the at target and shaped target,
respetively. And their energies are 5.05× 1014 MeV and
6.16 × 1014 MeV, the onversion eienies are 14.72%
and 17.94%, respetively. It deserves to note that in the
3D ase the simulation results are far larger than the 1D
analytial values as shown in Fig. 1(). The alulated
peak value of the ions is 635MeV at tsim = 20T0, however,
the simulation result is 910MeV. This larger dierene is
also due to the target dispersion, whih is stronger in
the 3D ase. Generally the 1D estimation gives a higher
energy onversion eieny and a lower peak energy.
We also hange the parameters l1 and σT to see their
eets on the nal spetrum. If we x other parameters
and vary l1 but keep l1 < 0.2λ, the mono-energeti part
of the nal spetrum almost does not hange, only the
lower energy part inreases with l1. This means that only
the ions in the enter part of the target ontribute to the
nal mono-energeti peak. Correspondingly, the target
width σT is a ritial parameter for the nal spetrum.
We nd in the 2D geometry that when σT /σL≈0.85, the
optimum spetrum appears. For the present simulation,
when σT /σL ∈ [0.4, 1.0] the monoenergeti peak exists.
In the 3D geometry, the optimum value of σT is usually
smaller than that in the 2D ase. Detailed analysis and
simulation work on the target shape parameters suh as
m, l1, σT is still ontinuing.
Further, we perform simulations to hek the radiation
damping eets, whih was found to be very important
for transparent nano targets [21℄. In our simulation pa-
rameter region (a ≤ 100, n0 = 100 and l1, l0 ≥ 0.1),
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Figure 4: (olor online) Spatial density distribution of ele-
trons (a) and ions (b) in the 3D simulation at t = 20T0. ()
Spatial density distribution of ions in the at target ase. (d)
Energy spetrum of ions in the SFT ase and at target ase
at t = 15T0 and t = 20T0. At t = 20T0 the driven laser pulse
has already left away from the target.
a = 3.33n0l0 ≈ pin0l0, whih satises the optimum
mathing of target thikness and laser intensity [22℄, the
target is not transparent to the laser pulse and eletrons
are not ompletely exposed to the laser eld. Most of
the eletrons are inside the target with relatively low
transverse momenta. Our simulations show that only
the highest energy eletrons are ooled down as shown in
Fig. 1(d). The x-ray photons are mainly radiated at the
angle of (θ = 300 − 400) and the average photon energy
is about 10keV. We nd that in the present ase 21mJ
energy is transferred to the x-ray photons. For the ion
aeleration, the very high energy eletrons are not so
important, only the bulk of the ponderomotive energy
eletrons onstruts the loal harge separation eld. So
in the present ase the radiation ooling eets are not
strong enough to benet ion aeleration. Our simulation
results also demonstrate there is no observable improving
on the nal ion spetrum when the radiation damping is
onsidered.
In addition, we should point out that the target shap-
ing only helps to suppress the target deformation and
eletron heating. The surfae instabilities still exist. As
we an see from Fig. 2(b) and Fig. 4(), plasma bunhes
have been formed in the plasma front due to these in-
stabilities. They make a little peak in the ion spetrum
in the earlier periods. However, they evolve further if
the laser pulse is long enough and make eletron heating.
Suppression of suh kinds of instabilities should be an
important work both for the laser ion aeleration itself
and for the fast ignition of inertial fusion targets based
on laser-aelerated ion beams [7℄.
In onlusion, by target shaping we have improved
both the maximum peak energy and ollimation of the
aelerated ions. The shaped target suppresses the tar-
get deformation, eletron heating and makes the ion a-
eleration muh more uniform in the transverse dire-
tion as ompared with the plain at target. Beause of
the absene of laser fousing by the natural one, the
maximum uto ion energy is smaller in the shaped tar-
get ase. However, more ions are onentrated in the
quasi-monoenergeti peak. Radiation ooling eets are
heked and they are not so important in the present
laser-plasma onguration.
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